Abstract An accurate energy calibration of a 5 ×2 BC501A liquid scintillator-based neutron detector by means of photon sources and the unfolding of pulse height spectra are described. The photon responses were measured with 22 Na, 137 Cs and 54 Mn photon sources and simulated using the GRESP code, which was developed at the Physikalisch Technische Bundesanstalt in Germany. Pulse height spectra produced by three different photon sources were employed to investigate the effects of the unfolding techniques. It was found that the four unfolding codes of the HEPRO and UMG3.3 packages, including GRAVEL, UNFANA, MIEKE and MAXED, performed well with the test spectra and produced generally consistent results. They could therefore be used to obtain neutron energy spectra in tokamak experiments.
Introduction
Neutron spectrometry is a useful tool in thermonuclear fusion experiments to obtain important information in fusion plasma research, such as the fuel ion temperature and velocity distributions, and it can also provide useful data on the effectiveness of different plasma heating scenarios [1] . Liquid scintillation detectors (of model BC501A or NE213) are commonly used in fast neutron spectrometry due to their relatively high light output, good detection efficiency, fast decay time and excellent neutron/gamma pulse shape discrimination capabilities [2∼6] . For these reasons they have been used in high-resolution compact neutron spectrometry for diagnostic purposes in fusion research, based mainly on the unfolding of pulse height spectra [7∼9] . However, in order to assess the neutron spectra reliably from the unfolding of the measured data, the detector must be well calibrated to determine the light output functions for secondary particles such as electrons and protons. Information on these properties can be obtained through experimental investigations with photons and quasi-monoenergetic neutrons combined with Monte Carlo simulations. Experiments with photon sources can be used to calibrate the pulse height analysis scale, and then experiments with neutrons can be referred to these calibration results, so it is essential for calibration with quasi-monoenergetic neutrons and the unfolding of pulse height spectra.
After proper calibration of the detector, the neutron energy spectrum has to be unfolded from the measured pulse height spectrum. Important progress has been made in the unfolding techniques and various codes have been developed [10∼12] , among which four codes -GRAVEL, UNFANA, MIEKE of the HEPRO package [13] and MAXED [14] of the UMG3.3 package -are widely used for neutron energy spectrum determinations.
The intention of the present work is to use the measured pulse height spectra of photons to check the effects of the four unfolding codes, and to verify the accuracy of calibration with photon sources of BC501A liquid scintillation detector in neutron diagnostic systems for the EAST and HL-2A fusion experiments.
Calibration using photon sources
Calibration of a BC501A liquid scintillation detector with photon sources was performed to establish the relation between the pulse height analysis scale ch and electron light output L e , which may be expressed as [4] 
where G is the calibration constant and ch 0 is the channel responding to L e = 0. [9] . The experiment was completed using the 22 Na, 137 Cs and 54 Mn sources, as listed in Table 1 . The scintillator cell is a cylinder, 5 inches in diameter and 2 inches in thickness, and coupled to an XP4512 photomultiplier tube. The photon sources are positioned on the cylinder axis at a distance of 10 cm from the center of the scintillator. Pulse height spectra were accumulated for different photon sources and background contributions were subtracted. The photon response is dominated by a Compton electron distribution, so it is crucial to determine the Compton edge accurately. The position of the half-height of the broadened Compton edge is often assumed to correspond to the true Compton edge, but in fact the two edges could differ by several percentage points [16] . Therefore, an accurate iteration method was employed to determine the Compton edge for different photon sources by fitting the calculated spectra to the measured ones [17, 18] . Table 1 . Photon data from the four radioactive sources used for the calibration of the BC501A liquid scintillation detector, including the calculated Compton edges along with the true Compton edges and their deviations The spectra calculated by the GRESP code include the wall and light guide effects and the influence of the channel-dependent pulse height resolution [19] . The calculated spectra were folded with different resolutions, and then fitted to the measured spectra. Fig. 1 is the final fit of the pulse height spectra of the 137 Cs source. The Compton edge is indicated by a vertical line in the figure. The GRESP code reproduced the measured responses satisfactorily, both in shape and absolute scale, especially at the Compton branch. At the lower part of the spectrum, the experimental spectrum was higher than the calculated one, due to the scattering effect and noise. As listed in Table 1 , the calculated Compton edge is also close to the true edge, with a discrepancy of less than 1%.
After the best pulse height resolution was determined for each photon energy point, the resolution parameters could be obtained. The resolution functions of the liquid scintillator could be described as [2] 
where L is the light output and dL/L is the pulse height resolution. The coefficients account for various effects. A is the parameter that characterizes the position-dependent light transmission from the scintillator to the photomultiplier, B represents the statistical effects of the light production, attenuation, photon to electron conversion and electron amplification in the dynode chain, and C comes from all the noise contributions. The parameters, A=8.7%, B=7.1%, C=0.5%, were determined from the fitting of the pulse height resolutions, as illustrated in Fig. 2 . However, there may be certain errors in determining these parameters, as there are only four experimental points covering a narrow energy range. 
Principles of the unfolding codes
In the case of liquid scintillation detectors, the relationship between the energy spectra Φ(E) and detector readings z 0 could be expressed as [10] 
where R i (E) is the contribution of neutrons/photons with energy E to the channel i. Eq. (3) could be trans-formed to a matrix equation
where R is the response matrix and Φ is the neutron/photon fluence vector. It seems easy to obtain Φ through the inversion of R directly. However, it is not simple for a number of reasons [20] . Firstly, Eq. (4) is a degenerate case of the first kind of Fredholm-type integral equation, and it is an ill-posed problem to invert the equation as statistical uncertainties on the response matrix and measured data will give a spectrum that is unstable. Secondly, the solutions may be negative, which is not reasonable for particle energy spectra. Moreover, there may be a lot of solutions that could reconstruct the pulse height spectrum, so many unfolding codes [10∼14] have been developed to solve this problem. The GRAVEL code performs a non-linear leastsquare adjustment with the constraint of non-negative particle fluence. The UNFANA and MIEKE codes, both based on maximum entropy methods, use the same definition of entropy but different optimization methods. While the UNFANA code uses the analytical method, the MIEKE code uses the Monte Carlo method to maximize the same entropy. The MAXED code is developed on the basis of Bayesian methods combined with maximum entropy methods, with a different definition of entropy from UNFANA and MIEKE. The unfolding techniques of GRAVEL and MAXED are discussed as follows.
Principle of GRAVEL
The basic idea of GRAVEL is to minimize the chisquare
where S zo is the uncertainty matrix of detector readings z 0 . The solution is determined by a special gradient method. Firstly the prior spectrum Φ
µ is given. At each step Φ
, and
where R iµ represents the neutron/photon contribution with energy E µ to the channel i, and σ 0i is the statistical fluctuations in the detector readings z 0i .
Principle of MAXED
The MAXED code, which incorporates both information theory and Bayesian theory, is successfully applied to the determination of neutron energy spectra [14] . Given the initial spectra Φ DEF , the code maximizes the following entropy which is brought up by (8) with the restriction of the errors of the measured data. The most attractive feature of MAXED is that it permits the inclusion of prior information in a well-defined and mathematically consistent way. In addition, this approach can always give a non-negative solution spectrum that can be written in closed form, so some standard methods can be used to carry out the sensitivity analysis and uncertainty propagation of the MAXED solution.
3.2 Applications with photon energy spectrum unfolding
Response matrix
The unfolding of the measured pulse height spectra requires a matrix of response functions for photons at the energy of interest, which is calculated by GRESP using the resolution parameters obtained from the calibration. The systematic error in the response matrix, which comes from the possible error of the resolution parameters, is the main source of uncertainties in the unfolding results.
The response matrix is comprised of 475 response functions with photon energy from 100 keV to 2 MeV. Fig. 3 shows six different calculated response functions of the BC501A detector. The leftmost peak of each response function, almost at the same channel, is caused by the anti-scattered photons with an energy of about 220 keV. Fig.3 The calculated response functions of the BC501A detector for photons with six different energies, using GRESP
Results and discussion

Firstly a
60 Co source was used to test the unfolding codes. Fig. 4 provides the unfolded spectra with the GRAVEL, UNFANA, MIEKE and MAXED codes. It is clear that the four spectra are generally consistent with each other. The photon energies are reproduced with a deviation of ±1.4%, as shown in Table 2 . The Table 2 . Fig.4 The unfolding of the BC501A scintillation detector measurements of the 60 Co calibration spectrum with GRAVEL, UNFANA, MIEKE and MAXED. The vertical lines indicate the expected peak positions second peak in the MIEKE result is split into two peaks, which may be caused by over fitting of the pulse height spectrum. The good agreement between the results of UNFANA and MIEKE comes from the same definition of the entropy being shared by these two codes. Table 2 also lists the integral fluence ratios over two peaks of the 60 Co source for a comparison. The integration range of peak one is from 1.006 MeV to 1.254 MeV, with a range of 1.254 MeV to 1.494 MeV for peak two. Results from the GRAVEL code are set as the standard with which the others are compared. It could be seen that the integral fluence differed by 5% among the four codes, which reflects the consistency of the four codes. The last column of Table 2 is the ratio of the integral fluence of the first peak to the second peak, at nearly one, with a deviation of 5% for different unfolding codes.
As an example, Fig. 5 gives the reconstructed pulse height spectrum from folding the 60 Co energy spectrum by MAXED. The calculated and measured spectra agree with a deviation of less than 5%.
Then, a more complicated case was tested. Three photon sources, 22 Na, 137 Cs and 54 Mn, were measured together with the BC501A detector. As shown in Fig. 6 , the unfolded photon spectra from the four codes are generally consistent with each other. As anticipated, the photon energies are reproduced very well with a deviation of less than 1%. The photons of different energies can be well distinguished from each other as their energy intervals are large. Finally, in order to check whether the complicated photon peaks could be reproduced through unfolding, a 152 Eu source was measured. Its energy spectrum is so complicated that there are more than 100 photon peaks ranging from 0.114 MeV to 1.769 MeV. As seen in Fig. 7 , the seven main peaks, with a branching ratio of greater than 9%, are reproduced by all four codes for the 152 Eu source, even if there are some discrepancies in the energy of the peaks, at most 39 keV at the energy of 1.408 MeV. The two peaks with an energy of 1.085 MeV and 1.112 MeV cannot be distinguished very well. The integral fluence of the six peaks is not so consistent with the branching ratios. As the energy spectrum of 152 Eu is very complicated, it is not easy to determine its structure in detail through the unfolding of the BC501A scintillation detector measurements, where it will encounter realistic difficulties such as statistical, calibration and response matrix uncertainty problems in actual measurements. Fig.7 The unfolding of the BC501A scintillation detector measurements of the 152 Eu calibration spectrum with GRAVEL, UNFANA, MIEKE and MAXED. The arrows indicate the positions of the expected seven main peaks
Conclusions
The calibration and unfolding of a BC501A liquid scintillator-based neutron detector has been performed using 60 Co, 22 Na, 137 Cs, 54 Mn and 152 Eu photon sources. Based on the iterative method, the calibration can be so accurate that the calculated and true Compton edge only differ by less than 1%. With the results of the calibration, the photon energy spectra could be determined quite satisfactorily through unfolding, which also confirms the effectiveness of the unfolding codes GRAVEL, UNFANA, MIEKE and MAXED. 
